Introduction
The continuously variable valve timing ͑VVT͒ system was developed in the early 1990s ͓1͔. The benefits of using VVT for internal combustion engines include improved fuel economy with reduced emissions at low engine speed, as well as increased power and torque at high engine speed. The vane-type VVT system ͓2͔ is a hydraulic mechanic actuator controlled by a solenoid. Electric motor driven cam phase actuators have become available recently due to their fast responses ͓3͔. This paper studies the modeling and control of hydraulic VVT systems.
There are two approaches to obtain a control oriented VVT system model for model-based control development and validation. They are physics based system modeling ͓4͔ and system identification using the system input and output data. In this paper, the closed-loop system identification approach is employed to obtain the VVT subsystem model of an internal combustion engine. System identification using closed-loop experimental input and output data was developed in the 1970s ͓5͔ and it has been widely used in engineering practices ͓6-8͔. Closed-loop system identification can be used to obtain the open-loop system models especially when the open-loop plant cannot be excited at the operational conditions ideal for system identification. For instance, closed-loop system identification is typically applied to identify an unstable open-loop plant. In this paper, the closed-loop identification method was selected due to many factors. The main reason is that the system open-loop gain of the VVT actuator is fairly high and the cam shaft has a torque load disturbance, which makes it almost impossible to maintain the cam phase at a desired operational condition. The other factor is that the VVT system dynamic is also a function of engine speed, load, oil pressure, and temperature, which made open-loop system identification difficult. Therefore, open-loop system identification at a desired cam phase is not feasible and the closed-loop identification was selected.
The first portion of this paper describes the process of obtaining linearized system models of the VVT actuator subsystem at various operational conditions using the indirect closed-loop system identification approach discussed in Ref. ͓7͔ . The q-Markov COVariance equivalent realization ͑q-Markov Cover͒ system identification method ͓9-11͔ using pseudo-random binary signals ͑PRBs͒ was used to obtain the closed-loop system models. The q-Markov Cover theory was originally developed for model reduction. It guarantees that the reduced order system model preserves the first q-Markov parameters of the original system. The realization of all q-Markov Covers using input and output data of a discrete-time system is capable of system identification. q-Markov Cover for system identification uses pulse, white noise, or PRBS as input excitations. It can be used to obtain the linearized model representing the same input/output sequence for nonlinear systems ͓11͔. It has also been extended to identify multirate discrete-time systems when input and output sampling rates are different ͓12͔.
For the proposed study, the multirate system identification is required due to event based cam phase sampling ͑function of engine speed͒ and time based control sampling. For our test bench setup, the cam position was sampled four times over an engine cycle. For instance, when the engine is operated at 1500 rpm, the cam position sample period is 20 ms, and the control input is updated at a fixed sample period of 5 ms. For this study, multirate PRBS q-Markov Cover was used for closed-loop system identification on the VVT test bench. System models at different engine operational conditions were identified using closed-loop multirate identification.
The second portion of the paper presents the control design and validation using the output covariance constraint ͑OCC͒ control design approach ͓13-15͔. The OCC control minimizes system control effort subject to multiple performance constraints on output covariance matrices. An iterative controller design algorithm ͓15͔ with guaranteed convergence can be used to find an OCC optimal controller. Note that an OCC controller is a H 2 controller with a special output weighting matrix selected by the OCC control design algorithm. The OCC control scheme was applied to many aerospace control problems due to its minimal control effort ͓13-15͔. In this paper, a nominal model was selected from the family of the identified VVT models for the OCC control design. Multiple OCC controllers were designed based upon closed-loop identified models, and their performances were compared against those of the well-tuned baseline PI controller. In order to eliminate steady-state error, system control input was increased to add an additional integral input to the system plant used for the OCC control design. Compared with the PI control, the OCC controllers were able to achieve the similar system settling time to PI ones with significantly less overshoot and control effort.
This paper integrates system model identification and controller design for the engine VVT subsystem. That is, the control design model is obtained from closed-loop system identification and the designed controller will be evaluated in an actual VVT test bench to show that the integrated system identification and control design provides satisfactory controllers. The system identification and control design process demonstrated in this paper will be repeated to improve the closed-loop system performance as our future research.
The paper is organized as the following: Section 2 provides framework and formulation of closed-loop system identification for the VVT actuator system. Section 3 presents the OCC control problem and associated design framework. Section 4 describes the test bench setup. Section 5 introduces the closed-loop system identification and the OCC controller design results obtained from the test bench, along with the discussions of the experiment results. Conclusions are provided in Sec. 6.
System Identification Framework
Consider a general form of linear time-invariant closed-loop system in Fig. 1 , where r is the reference signal, n is the measurement noise, and u and y are input and output, respectively.
As discussed in the Introduction section, there are many approaches for the closed-loop identification, which are categorized as direct, indirect, and joint input-output approaches. In this paper, we utilize the knowledge of the controller to calculate the openloop plant model from the identified closed-loop plant model, which is called indirect approach. To ensure the quality of the identified plant, the closed-loop controller in this paper is selected to be proportional ͓16,17͔.
The input and output relationship of the generalized closed-loop system, shown in Fig. 1 , can be expressed below
Let Ĥ be identified closed-loop transfer functions from r to y. The open-loop system model G ID can be calculated using identified Ĥ , assuming that ͑I-Ĥ ͒ −1 is invertible. The closed-loop controller transfer function is used to solve for the open-loop system models. We have
͑2͒
The PRBS signal is used as an input signal for identifying the closed-loop system model. The most commonly used PRBSs are based on maximum length sequences ͑called m-sequences͒ ͓18͔ for which the length of the PRBS signals is m =2 n − 1, where n is an integer ͑order of PRBS͒. Let z −1 represent a delay operator and define p ͑z −1 ͒ and p͑z −1 ͒ to be polynomials
where a i is either 1 or 0, and obeys binary addition, i.e., 1 1 = 0 = 0 0 and 0 1 = 1 = 1 0 ͑4͒ and the nonzero coefficients a i of the polynomial are defined in Table 1 and also in Ref.
͓18͔.
Then the PRBS can be generated by the following formula
where û ͑0͒ = 1 and û ͑−1͒ = û ͑−2͒ =¯= û ͑−n͒ = 0. Defined the following sequence
Then, the signal
is called the inverse PRBS, where obeys a a = − a = − a − a and a − a = a = − a a ͑8͒
It is clear after some analysis that u has a period 2m and u͑k͒ = −u͑k + m͒. The mean of the inverse PRBS is
and the autocorrelation
Note that the first and second order information of the inverse PRBS signal is very close to these of white noise for a large enough m. The inverse PRBS is used in the q-Markov Cover identification algorithm. For convenience, in the rest of this paper, the term "PRBS" is used to represent the inverse PRBS.
Consider an unknown ͑presumed nonlinear͒ system x͑k + 1͒ = f͑x͑k͒,w͑k͒͒
subjected to an input sequence ͕w͑0͒ , w͑1͒ , w͑2͒ ,. . .͖ generating the output sequence ͕y͑0͒ , y͑1͒ , y͑2͒ ,. . .͖. The unknown system is q-identifiable, if there exists a linear model of the form
that can reproduce the same output sequence ͕y͑0͒ , y͑1͒ , y͑2͒ , . . . , y͑q −1͖͒, subject to the same input sequence ͕w͑0͒ , w͑1͒ , w͑2͒ , . . . ,w͑q −1͖͒. In case that the system is not q-identifiable, it is possible for q-Markov Cover to construct the least square fit using linear model for the input-output sequence ͓19,20͔.
In this paper, system models were identified in discrete-time domain using the PRBS graphic user interface ͑GUI͒ ͓12͔ developed for multirate PRBS q-Markov Cover. The advantage of using the PRBS GUI is that the number of Markov parameters and the order of the identified system model can be easily adjusted based upon the calculated Markov singular values from the input-output data. 
OCC
Consider the following linear time-invariant system
where x p is the state, u is the control, w p represents process noise, and v is the measurement noise. Vector y p contains all variables whose dynamic responses are of interest. Vector z represents noisy measurements. Suppose that a strictly proper output feedback stabilizing control law, shown below, is used for plant ͑13͒ Consider the closed-loop system ͑15͒. Let W p and V denote positive definite symmetric matrices with dimensions equal to the process noise w p and noisy measurement vector z, respectively. Define W = block diag͓W p V͔ and let X denote the closed-loop weighted controllability Gramian from the input W −1/2 w. Since A is stable, X is given by
In this paper, we are interested in finding controllers of the form ͑14͒ that minimize the ͑weighted͒ control energy trace ͑RC u XC u T ͒ with R Ͼ 0 and satisfy the constraints
where Ȳ Ն 0 are given and X solves Eq. ͑16͒. This problem, which we call the OCC problem, is defined as finding a full-order dynamic output feedback controller for system ͑13͒ to minimize the OCC cost
subject to Eqs. ͑16͒ and ͑17͒. The OCC problem may be given several interesting interpretations. For instance, assume first that w p and v are uncorrelated zero-mean white noises with intensity matrices W p Ͼ 0 and V Ͼ 0. Let E be an expectation operator, and
E͓ · ͔ and W = block diag͓W p V͔, it is easy to see that the OCC is the problem of minimizing E ϱ u T Ru subject to the OCC constraint Y ª E ϱ y͑k͒y T ͑k͒ Յ Ȳ . As it is well known, the constraint may be interpreted as constraint on the variance of the performance variables or lower bounds on the residence time ͑in a given ball around the origin of the output space͒ of the performance variables ͓21͔.
The OCC problem may also be interpreted from a deterministic point of view. To see this, define the discrete time domain ᐉ ϱ and ᐉ 2 norms
and define the ͑weighted͒ ᐉ 2 disturbance set
where W Ͼ 0 is a real symmetric matrix. Then, for any w W, we have ͓22,23͔ ʈyʈ ϱ 2 Յ ͓Y͔ and
where n u is the dimension of u, ͓ · ͔ denotes the maximum singular value, and ͓ · ͔ ii is the ith diagonal entry. Moreover, Refs. ͓22,23͔ show that the bounds in Eq. ͑22͒ are the least upper bounds that hold for any signal w W. Thus, if we define Ȳ ª I⑀ 2 in Eq. ͑17͒ and R = diag͓r 1 , r 2 , . . . ,r n u ͔ Ͼ 0 in Eq. ͑18͒, the OCC problem is the problem of minimizing the ͑weighted͒ sum of worst-case peak values on the control signals given by
subject to constraints on the worst-case peak values of the performance variables of the form
͑24͒
This interpretation is important in applications where hard constraints on responses or actuator signals cannot be ignored, such as space telescope pointing and machine tool control ͓14͔.
Detailed proof can be found in Ref. ͓15͔. The controller system matrices A c , F, and G can be calculated using an iteration algorithm introduced in Refs. ͓13,15͔.
VVT System Bench Tests Setup
4.1 System Configuration. Closed-loop system identification and control design test were conducted on the VVT test bench ͑Fig. 2͒. A Ford 5.4L V8 engine head was modified and mounted on the test bench. The cylinder head has a single cam shaft with a VVT actuator for one exhaust and two intake valves. These valves introduce a cyclic torque disturbance to the cam shaft. The cam shaft is driven by an electrical motor through a timing belt.
An encoder is installed on the motor shaft ͑simulated the crank shaft͒, which generates crank angle signal with one degree resolution, along with a so-called gate signal ͑one pulse per revolution͒. A plate with magnets attached was mounted at the other side of the extended cam shaft. These magnets pass two hall-effect cam position sensors when the cam shaft rotates, where one cam sensor was used to determine engine combustion TDC position ͑combustion phase͒, along with the encoder signals and the other is used to determine the cam phase. This cam position signal updates 4 times per cycle.
The cam phase actuator system consists of a solenoid driver circuit, a solenoid actuator, and a hydraulic cam actuator. The solenoid driver is controlled by a pulse-width modulation ͑PWM͒ signal, where its duty cycle is proportional to the direct current ͑dc͒ voltage command. An electrical oil pump was used to supply pressurized oil for both lubrication and as hydraulic actuating fluid of the cam phase actuator. The cam actuator command voltage signal is generated by the Opal-RT prototype controller and sent to the solenoid driver. The PWM duty cycle is linearly proportional to input voltage with maximum duty cycle ͑99%͒ corresponding to 5 V. The solenoid actuator controls the hydraulic fluids ͑engine oil͒ flow and changes the cam phase. The cam position sensor signal is sampled by the Open-RT prototype controller and the corresponding cam phase is calculated within the Opal-RT real-time controller.
Within an engine cycle, the cam position sensor generates four cam position pulses sampled by the Opal-RT real-time controller. By comparing these pulse locations with respect to the encoder gate signal, the Opal-RT controller calculates the cam phase with one crank degree resolution. After the error between the calculated cam phase and the cam reference signal is obtained, the cam actuator control command is obtained from the controller K. Figure  3 shows the signal diagram of the VVT control system. Reference signal r and the measured cam phase signal y can be recorded in the Opal-RT controller for system identification. In this paper, "system model" refers to the transfer function between the control input u ͑voltage͒ and calculated cam phase signal y ͑degree͒; "controller" refers to transfer function K between the error and output.
VVT Open-Loop Properties.
The cam phase actuator has an output range of Ϯ30 crank degrees. Figure 4 shows an open-loop step response of the VVT phaser. Input to the system is a step between 0 V ͑1% duty cycle͒ and 5 V ͑99% duty cycle͒. It can be found that the cam phase system has a settling time about 1.5 s for advancing ͑rising͒ and 1.0 s for retard ͑falling͒, demonstrating its nonlinear characteristics of the VVT system. This is mainly due to the fact that the VVT actuator has different dynamics for advancing and retarding. For advancing, the actuating torque generated by the oil pressure overcomes the cam load torque and moves cam phase forward; for retarding, the oil trapped in the actuator bleeds back to the oil reserve when the cam phase is pushed back by the cam shaft load. This difference leads to the response characteristics difference for advance and retard operations, which makes the system nonlinear. This phenomenon will be discussed in Sec. 5. Figure 5 shows the VVT system steady-state responses via open-loop constant inputs with a 0.1V interval ͑2% duty cycle͒ between 0 and 5 V. It can be observed that for open-loop control, the cam phase actuator behaves almost like a binary state and it is very difficult for the VVT actuator to maintain a desired nonsaturated cam timing position due to the actuator hysteresis characteristics, cam load, and engine oil pressure variations. This indicates that open-loop system identification, which requires to hold the actuator operate at a desired location during the system identification process, is almost impossible. Therefore, closed-loop system identification is adopted in this research. A proportional controller is selected for the closed-loop system identification in order to ensure good closed-loop system identification accuracy ͓16,17͔.
Bench Test Results

Closed-Loop Identification.
The operating point and controller gain need to be selected carefully due to the system property. The solenoid drive circuit has an operational range between 0 and 5 V that corresponds to 1-99% of the solenoid PWM duty cycle. Therefore, in order to avoid saturation, we have to select the phase actuator operation condition carefully; otherwise, the control input might be saturated, leading to high system identification error. Therefore, the PRBS signal magnitude was selected to be 12 deg, nominal operational condition was centered at Ϫ14 deg cam phase, and the controller proportional gain was 0.1 ͑V/deg͒. To obtain a family of system transfer functions, the system identification bench tests were conducted at different engine speeds and oil pressures. For demonstration, we selected two engine speeds at 1000 rpm and 1500 rpm and a constant oil pressure of 60 psi. Recorded reference signals and system response data were processed using MATLAB PRBS-GUI ͓12͔.
A number of Markov parameters to be matched by system identification were used to optimize the identification accuracy ͑see Fig. 6͒ , and the identified system model order is determined by the dominant dynamics of PRBS response data ͑see Fig. 7͒ . Figure 7 shows the order selection diagram produced during PRBS system ID at 1500 rpm. It shows the diagonal elements of Schur decomposition of the system response data matrix. The diagonal elements of the Schur decomposition were plotted in a decreased order. Each dot in the plot corresponds to one state of the identi- Transactions of the ASME fied model. Detailed algorithm can be found in Ref. ͓12͔ . The plot shows a dominant first order dynamic because the order index chart has the largest gap between the first and second dots. The gap between the fourth and fifth dots is larger than the gap between the second and third order gaps. Therefore, the order of the identified model was selected to be 4 in order to keep the model order low without losing major system dynamics. The rest of system identification parameters are shown in Table 2 . Using the identified closed-loop model and Eq. ͑2͒, a fourth order open-loop plant model ͑see Appendix͒ at 1500 rpm is obtained. The corresponding open-loop Bode diagram ͑Fig. 8͒ shows that there exists a dynamic mode at around 12.5 Hz, which is equal to the engine cycle frequency of 12.5 Hz ͑80ms/cycle͒ at 1500 rpm. It is believed that the resonance observed was not the system dynamics of the cam phaser system but rather the external disturbance due to the cyclic dynamics of timing belt and cam shaft torque disturbance due to valve actuations. Therefore, we decided to exclude it from the identified model to be used for control design. A second order model is obtained by selecting the identified close-loop model to be 2. The plant model calculated from the identified second order model has an almost identical behavior to the fourth order model without the 12.5 Hz mode ͑see Fig. 8 and Appendix͒.
A fourth order closed-loop model was identified at 1000 rpm. Similar to the case at 1500 rpm, the identified model has a dynamic mode at about 8 Hz, which corresponds to the engine cycle period ͑8.3 Hz, 120 ms/cycle͒. However, in this case, a 2nd order 
Validation of Identified Model.
To evaluate the accuracy of these identified models, their step responses were compared with these from the bench tests. Since the open-loop step response cannot be obtained for the VVT actuator, their closed-loop responses were compared in this study. The same proportional control gain of 0.1 V/deg was used for the step responses. A step input of 12 crank degrees was used. For the identified models, simulations were conducted in SIMULINK under the same conditions. The normalized step responses are compared in Fig. 11 at 1000 rpm and Fig. 12 at 1500 rpm. Note that the oscillations in the recorded responses are mainly due to the cyclic valve torque load disturbance and low cam phase sampling resolution, which demonstrates the difficulty for a proportional controller to maintain the cam phase at a desired level.
From both Figs. 11 and 12, it can be observed that the system dc gains of both actual system and identified model are fairly close; for the transient response, the step down responses are very close for both model and actual system at both engine speeds, but the step up responses of the identified model at 1500 rpm is faster Transactions of the ASME than the actual system. This is mainly due to the nonlinear characteristics of the VVT actuator discussed in the VVT open-loop property section. When cam phase is advanced, the VVT actuator is driven by the engine oil pressure to overcome the cam shaft torque load, whereas when cam phase is retarding, the VVT actuator is pushed by cam load torque and returns freely. This is why the system has a different step up and step down responses. It turns out that the identified mode approximates the step down response. A family of system models was obtained from bench tests at different engine speeds and oil pressures ͑Fig. 13͒. A second order model ͑25͒ was selected as the nominal model for control design below G = 0.0003s 2 − 0.06s + 647.2 s 2 + 7.615s + 20.67 ͑25͒
Note that this system plant has a pair of nonminimal phase zeros, indicating that high control gain will destabilize the closedloop system.
OCC Controller With Single Input.
In this section, controllers were designed and validated on the test bench.
Step input was used as reference signal and varies between Ϫ20 and 0 degrees. A PI controller was well tuned for the VVT system on the test bench for comparison purpose. The PI tuning process was completed at different engine speeds and oil pressures. The tuned PI controller shown in Eq. ͑26͒ achieves good balance between fast response time and little oscillations at different conditions
For the OCC design, system plant matrices of nominal model were obtained from Eq. 
͑27͒
Controller design parameters were selected as However, the controller was not able to maintain the cam phase at the desired level, and it has a large steady-state error ͑see Fig. 14͒ . To improve the performance, an integrator was added to the plant to eliminate steady-state error ͑see Fig. 15͒ . A fourth order controller ͑the third order OCC controller plus the first order integrator͒ was obtained below Notice that the order of plant used for controller design is increased by one and as a result the order of the full-order controller is also increase by one. After combining the full-order controller with the added integrator, the order of the new controller is increased by two compared with the original controller. The OCC control with integrator has a large overshoot with oscillations ͑Fig. 14͒. In order to eliminate steady-state error and reduce response time, a multi-input control design with proportional and integral inputs was proposed.
OCC Controller Design
With Multi-Input. For the dual-input control design, the controller has an additional integrator input to the plant ͑Fig. 16͒. Noise intensity matrices W p and V were the same as Eq. ͑28͒. The input weighting matrix dimension increased to two due to additional integral input and it was selected as R = diag͓1 20͔. Note that in this case the input effort cost ratio between direct control and integral control is 1 to ͱ 20. The dual-input controller was designed and shown in Eq. ͑31͒, and its performance at 900 rpm with 45 psi oil pressure is compared with the base PI controller in Eq. ͑26͒. Figure 17 shows that both controllers have very similar response times and steady-state errors and OCC controller has significantly less overshoot. The ma- Transactions of the ASME Table 3 shows system response comparison of PI and multi-input OCC closedloop systems. Both controllers have zero steady-state error, with oscillation magnitude of 1 deg ͑lowest possible and limited by measurement resolution͒. Both controllers have almost identical 5% ͑within 1 deg͒ settling time and 10-90% rising time. Compared with the base line PI controller, the OCC controller has much lower overshoot. In some operational conditions, the OCC controller reduces the PI controller's overshoot by 50%. For the advance step ͑from Ϫ20 to 0 deg͒, the multi-input OCC controller uses less control effort than PI. In the retard step, the control effort difference is smaller ͑Fig. 18͒. The reason is that in the advance step, all the control effort is created by the actuator; in the retard step, engine oil pressure is working with actuator. At steady-state, the dual-input OCC controller shows a larger oscillation magnitude than the PI controller. This is due to the fact that the designed OCC controller has a higher gain than PI and therefore is more sensitive to the change in error signal, which has the resolution of one crank degree in the experiment.
As part of our future research, robust gain scheduling control design using identified models at different operating conditions will be studied.
Conclusion
This paper applies integrated system modeling and control design process to a continuously VVT actuator system. Constrained by the sample rate of the crank-based cam position sensor ͑a function of engine speed͒ and time based control scheme, the actuator control sample rate is different from the cam position sensor one. Due to cam shaft torque load disturbance and high actuator openloop gain, it is also difficult to maintain the cam phase at the desired level with an open-loop controller. The closed-loop multirate system identification is required. Closed-loop system identification using PRBS q-Markov Cover was applied to obtain open-loop system models of a VVT cam actuator system. The proposed closed-loop system identification approach provides models whose time responses are fairly close to bench responses. An output covariance constraint controller was designed based on the identified model and tested on the test bench. The controller has an extra integrator for better response performance. Compared with PI controller, the multi-input OCC controller uses less energy and has similar closed-loop response time. OCC controller also reduces overshoot up to 50%. 
